Background--The purpose of this study was to evaluate the relationship between serum sodium at the time of diagnosis and long term clinical outcomes in a large national cohort of patients with heart failure with preserved ejection fraction.
The major limiting factors in previously reported clinical trials and prospective observational studies include lack of uniformity in accurately defining the HFpEF cohort, and failure in distinguishing HFpEF from HF with intermediate EF and HF with recovered EF, as advocated in the clinical guidelines of the European Society of Cardiology and the American College of Cardiology Foundation/American Heart Association. 4 HFpEF is extremely difficult to curate in a large national database given its lack of consistency in identifying and reporting by healthcare providers and the difficulty of extracting all known left ventricular ejection fraction (LVEF) values to ensure accurate diagnosis.
Low serum sodium, defined as serum sodium <135 mmol/ L (hyponatremia), is a powerful prognostic marker in HF with reduced EF and indicates neurohormonal activation. 12 However, studies on the relation between hyponatremia and longterm clinical outcomes in HFpEF patients have yielded inconsistent results. [13] [14] [15] [16] To our knowledge, previous studies have not addressed whether values of serum sodium >135 mmol/L are associated with adverse clinical outcomes in HFpEF patients in a large cohort. Characterizing the relation between the whole spectrum of sodium values and outcomes in HFpEF would be important to understand the role of sodium homeostasis on the prognosis of patients with HFpEF. Accordingly, we curated a large cohort of HFpEF subjects from the national Veterans Affairs (VA) patient database following published European Society of Cardiology/American College of Cardiology Foundation/American Heart Association guidelines and tested the hypothesis that there is a J-shaped relationship between serum sodium measured at the time of diagnosis of HFpEF and all-cause mortality, heart failure hospitalizations, and all-cause hospitalizations in subjects with HFpEF.
Methods
In accordance with current VA policies, we are not able to make our data publicly available, but we can provide the methods used in analysis to any researcher for purposes of replicating the procedure upon request from the senior author. All study procedures were approved by the Institutional Review Board of the Veterans Affairs Boston Healthcare System. Because this was a database study, the informed consent requirement was waived.
Development of the HFpEF Algorithm
Using an iterative process, we arrived at the following algorithm to curate HFpEF cases from the national VA patient care databases. The inclusion criteria in the algorithm consisted of (1) International Classification of Diseases, Ninth Revision (ICD-9) codes diagnosis of HF (any 428.xx); (2) presence of B-type natriuretic peptide (≥100 pg/mL) or aminoterminal pro-B-type natriuretic peptide (≥300 pg/mL), or diuretic usage within 1 month of HF diagnosis; (3) availability of echocardiogram in our system; (4) all recorded LVEF values ≥50% (during the entire study followup); and (5) at least 1 serum sodium measurement within 30 days after the HF diagnosis. As will be described below, criterion 2 was arrived at by an iterative process to ensure selection of cases with definite clinical heart failure. We included subjects diagnosed with HF in either an inpatient or outpatient setting between January 
Validation of HFpEF Cohort
Three independent reviewers (Y.R.P., T.F.I., A.R.O., all physicians) completed chart review of 100 algorithm-identified cases and 100 controls in a blinded fashion, with each chart reviewed by 2 reviewers. Validation was based on ascertaining the presence of definite HF (at least 1 symptom, at least 2 signs, and definite treatment for HF), and confirming that all
Clinical Perspective
What Is New?
• A J-shaped relationship is observed between serum sodium levels at time of diagnosis and long-term clinical outcomes in heart failure with preserved ejection fraction.
What Are the Clinical Implications?
• Serum sodium could be an important clinical variable for identifying heart failure with preserved ejection fraction patients at increased risk of adverse events.
• Neurohormonal activation, a major determinant of serum sodium levels in heart failure, may play a role in the natural history of heart failure with preserved ejection fraction.
recorded LVEF values were ≥50%. 20 Chart review validation of the HFpEF algorithm demonstrated a positive predictive value of 96% and a negative predictive value of 87%.
Exposure
The primary exposure was serum sodium concentration measured within 30 days after the index date. For subjects who were hospitalized (inpatient diagnosis), we used the last serum sodium measurement in the series as the baseline value under the assumption that the most stable serum sodium value would be on the day of hospital discharge. By doing this, we reduced variability of serum sodium values that could occur with diuretic use and clinical status of subjects during their hospitalization. Outpatient diagnoses followed by hospitalization within 48 hours were counted as inpatient diagnoses, and sodium values were taken at discharge or later. We excluded subjects with any history of HF before the index date in order to ensure that we were analyzing sodium values obtained at the time of the initial diagnosis.
Outcomes
Our primary outcome was all-cause mortality. Our secondary outcomes were the number of days hospitalized for HF and for all-cause hospitalizations per year. HF hospitalizations were defined as having an associated primary diagnosis for heart failure (ICD-9 code of 428.xx). The outcomes were captured from the VA health system as well as from Centers for Medicare and Medicaid Services data to include care outside the VA system. We excluded people who stayed in the hospital for more than 180 days so as to accurately capture the hospitalization outcomes.
Covariates
We obtained baseline anthropometric and laboratory variables falling on or within 30 days before the baseline sodium date, closest to the baseline sodium date. This was primarily done to extract information from when subjects were most stable after their acute HF event. Demographic and anthropometric variables including age, body mass index, heart rate, and race were obtained from electronic medical health records. Estimated glomerular filtration rate was calculated using the chronic kidney disease epidemiology collaboration formula. 21 Two independent physicians adjudicated laboratory values of serum creatinine (used for estimated glomerular filtration rate calculation) and serum potassium, and any discrepancy was resolved by further discussion. We obtained medical comorbidities falling anytime before baseline sodium measurement using ICD-9
codes from inpatient and outpatient medical records. These include history of type 2 diabetes mellitus (250. . Beta-blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and calcium channel blockers that were dispensed within 6 months before the baseline sodium date were identified from pharmacy records in the VA system and adjudicated by 2 independent physicians. Medications that were prescribed but not dispensed by the pharmacy and clinical trial medications were excluded from our analyses.
Statistical Analysis
We analyzed serum sodium both as a continuous and then as a categorical variable. To examine the nonlinear relationship between baseline sodium as a continuous variable and mortality and hospitalization outcomes, we developed macros to fit cubic splines with 6 equally distributed knots to crude and multivariable proportional hazards regression and generalized estimating equation-based negative binomial regression models with a sodium value of 139.00 mmol/dL as the reference. Because of instability and low frequency among extreme values, all sodium values <125.00 mmol/dL and >150.00 mmol/dL were winsorized. Five baseline serum sodium categories were determined based on the shape and inflection points of the cubic spline plots, the distribution and quantiles of serum sodium values, and generally established clinical ranges. These categories were used for all proceeding regression analyses. We also compared these results to an a priori decile-based analysis. We built our models based on a priori knowledge of risk factors and examination of confounders, starting with crude models, then age-adjusted, parsimonious (age, sex, race), and finally multivariable adjusted. Given that the results of the parsimonious model were similar to the age-adjusted and multivariable models, we will not present those results. No automated variable selection process was used (eg, stepwise). Subjects entered the analysis at the time of their first sodium measurement, using a counting process approach 22, 23 and person-time accrued from baseline sodium measurement until the occurrence of death, last VA visit, or the end of follow-up (December 31, 2014). As expected, the association between sodium and mortality did not meet the proportional hazards assumption, leading us to do a piecewise Cox proportional hazard analysis, with the first time interval covering the first 30 days and the second covering the post-30-day period. Subjects entered the model at different times within the initial 30-day period, and we expected them to be less clinically stable during that period, thus having different hazard rates than at later time points. Further assessment of nonproportionality of hazards showed no meaningful deviations. Hazard ratios (HRs) and 95% confidence intervals (CIs) were estimated for each period for serum sodium categories, relative to the referent group. We also examined whether the relationship between baseline serum sodium and mortality varied by age. We stratified the analysis by age, categorized as <65, 65 to 75, and >75 years. Generalized estimating equation-based negative binomial regression analyses were used to estimate the incidence density ratios for number of days of HF and all-cause hospitalizations per year for sodium categories relative to the referent group. Incidence density was defined as the total number of days hospitalized per year divided by the total number of days observed per year. The number of days observed per year (on the log scale) was included in these models as an offset. Crude Poisson hospitalization rates were also estimated. Patients who had any hospital stay >180 days were excluded from these analyses, as they were likely part of long-term care.
The multivariable models were adjusted for age; sex; race; body mass index; heart rate; estimated glomerular filtration rate; serum potassium; average LVEF; history of coronary artery disease, hypertension, hyperlipidemia, atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, and anemia; and history of medications including calcium channel blockers, b-blockers, and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers. Diuretics were not adjusted for in the multivariate analysis, as everyone in the analysis cohort was required to have a loop diuretic or thiazide diuretic prescription within 1 year before or after the diagnosis of HF. Medications including aldosterone antagonists and statins were not included in multivariate analysis, as they were not only not associated with baseline serum sodium measurements but also not clearly associated with clinical outcomes in HFpEF (P>0.25). All analyses were completed using SAS Enterprise Guide 7.1 (SAS Institute Inc, Cary, NC). All P values were 2-tailed, and significance level was set at an alpha of 0.05.
Results
For the whole cohort, mean ageAESD was 70.8AE11.5 years. During a median follow-up of 3.6 (interquartile range, 1.7-6.4) years there were 4983 deaths. There were 107 397.5 person-years of follow-up to estimate incidence density ratio for number of days of HF and all-cause hospitalizations per year. Table 1 demonstrates baseline characteristics across serum sodium categories. Lower sodium categories tended to have younger and thinner subjects, fewer black subjects, higher average heart rate, and estimated glomerular filtration rate values, and among comorbidities a higher incidence of atrial fibrillation, anemia, diabetes mellitus, coronary artery disease, and chronic obstructive pulmonary disease and a lower incidence of hypertension. Mean LVEF was slightly but significantly higher in the lower sodium categories. Prescriptions for calcium channel blockers were less frequent in lower sodium categories.
The 147 patients who died or were censored on the same day as their baseline sodium measurement were excluded from all analyses. An additional 2662 patients were excluded from the mortality multivariable analyses because of missing covariates.
Examining Sodium as a Continuous Measure
As shown in Figure 1 , the association between serum sodium and all-cause mortality follows a J-shaped hazard curve both during the first 30 days (test for nonlinear trend, P<0.0001) and after 30 days of follow-up (P<0.0001). Considering the obvious J shape of these cubic spline plots, the distribution of sodium values, and established sodium clinical ranges, baseline serum sodium was categorized as 115.00 to 134.99 (low serum sodium), 135.00 to 137.99 (low-normal serum sodium), 138.00 to 140.99 (referent group), 141.00 to 143.99 (high-normal serum sodium), and 144.00 to 160.00 (high serum sodium) mmol/dL. Sodium values between 138.00 and 140.99 mmol/L were selected as the referent group for all categorical analyses because they were considered to be a clinically normal and the center of the distribution fell within this range. A similar pattern was observed for the allcause hospitalization and HF hospitalization outcomes, leading us to use the same sodium categories (Figure 2 ). We also looked at the association of serum sodium deciles and mortality and hospitalization outcomes, obtaining similar results.
All-Cause Mortality Within 30 Days of Index Diagnosis
Compared with the referent group, low serum sodium and low-normal serum sodium were associated with a 2.5-fold (HR, 2.46; 95% CI, 1.99-3.05) and 56% (HR, 1.56; 95% CI, 1.26-1.93) higher risk of all-cause mortality, respectively, during the first 30 days after the index diagnosis, in a multivariable model controlling for age; sex; race; body mass index; heart rate; estimated glomerular filtration rate; serum potassium; LVEF; history of coronary artery disease, hypertension, hyperlipidemia, atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, or anemia; and history of medications including calcium channel blockers, b-blockers, and angiotensin-converting enzyme inhibitors/angiotensin receptor blockers (not shown in tables). Similarly, in this multivariable model, high serum sodium was associated with an almost 3-fold (HR, 2.81; 95% CI, 2.19-3.59) higher risk of all-cause mortality during the first 30 days of follow-up compared with the referent group. The 30-day predicted mortality rate for a patient with a baseline sodium value of 139.00 mmol/dL is 2.4%.
All-Cause Mortality After 30 Days of Index Diagnosis
Multivariable analyses also demonstrated that compared with the referent group, low, low-normal, and high serum sodium were associated with 36% (HR, 1.36; 95% CI, 1.28-1.44), 6% (HR, 1.06; 95% CI, 1.01-1.12), and 9% (HR, 1.09; 95% CI, 1.01-1.17) higher risk of all-cause mortality, respectively (Table 2) , after 30 days following the index date. Median Table 1 Figure 1 . Cubic spline plots showing the multivariable adjusted Cox proportional hazards models for the relationship of baseline serum sodium to risk of death. These models were adjusted for age; sex; race; body mass index; heart rate; estimated glomerular filtration rate; serum potassium; average left ventricular ejection fraction; use of calcium channel blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and b-blockers; and history of coronary artery disease, hypertension, hyperlipidemia, atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, and anemia. A demonstrates the relationship between serum sodium as a continuous variable at baseline and mortality for the first 30 days of follow-up (test for nonlinear trend, P<0.0001). B demonstrates the relationship between serum sodium as a continuous variable at baseline and mortality 30 days after diagnosis (P<0.0001). Shaded areas denote 95% confidence intervals for hazard ratios, and the vertical line denotes the reference value (139.00 mmol/dL). the relationship of baseline serum sodium to number of days hospitalized per year (heart failure and any cause). These models were adjusted for age; sex; race; body mass index; heart rate; estimated glomerular filtration rate; serum potassium; average left ventricular ejection fraction; use of calcium channel blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and b-blockers; and history of coronary artery disease, hypertension, hyperlipidemia, atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, and anemia. A demonstrates the relationship between serum sodium as a continuous variable at baseline and number of days heart failure hospitalization per year (test for nonlinear trend, P=0.0006). B demonstrates the relationship between serum sodium as a continuous variable at baseline and number of days of all-cause hospitalization per year (P<0.0001). Shaded areas denote 95% confidence intervals for hazard ratios, and the vertical line denotes the reference value (139.00 mmol/dL).
survival time (95% CI) was 3. 
Number of Days of HF Hospitalizations per Year
Low serum sodium and low-normal serum sodium were associated with 48% (incidence density ratio [IDR], 1.48; 95% CI, 1.10-2.00) and 38% (IDR, 1.38; 95% CI, 1.08-1.77) increases in the average number of days hospitalized for HF per year, respectively, compared with the referent group (Table 3 ) in the multivariable model. High serum sodium was not significantly associated with an increased risk of HF hospitalizations.
Number of Days of All-Cause Hospitalizations per Year
Low serum sodium and low-normal serum sodium were associated with 44% (IDR, 
Age-Stratified Analysis
There were 8750 patients <65 years old, 6183 patients 65 to 75, and 10 507 people >75 years old. Among patients <65 years of age, compared with the referent group, lownormal and low serum sodium were associated with 13% (HR, 1.13; 95% CI, 1.03-1.24) and 50% (HR, 1.50; 95% CI, 1.35-1.67) (not shown in tables) higher risk of all-cause mortality, respectively, in the multivariable model. Similarly, Multivariable model was adjusted for age; sex; race; body mass index; heart rate; estimated glomerular filtration rate; serum potassium; average LVEF; use of calcium channel blockers, angiotensin-converting enzyme inhibitors/angiotensin receptor blockers, and b-blockers; and history of coronary artery disease, hypertension, hyperlipidemia, atrial fibrillation, chronic obstructive pulmonary disease, diabetes mellitus, and anemia. CI indicates confidence interval; HF, heart failure; IDR, incidence density ratio; LVEF, left ventricular ejection fraction; REF, referent group. *Excludes people who had a hospital stay >180 days.
low serum sodium was associated with 39% (HR, 1.39; 95% CI, 1.23-1.56) and 23% (HR, 1.23; 95% CI, 1.13-1.34) higher risk for all-cause mortality among patients between 65 and 75 years and >75 years of age, respectively (not shown in tables).
Discussion
In a well-curated national cohort of HFpEF subjects, we found a J-shaped relationship between serum sodium and all-cause mortality and number of days of all-cause hospitalizations per year. We also found that low sodium levels were associated with an increased number of days of hospitalizations for HF per year. In addition to low sodium values, values in the lownormal range were also significantly associated with worse outcomes. Our study, the largest to our knowledge that has examined the relation of serum sodium to outcomes in HFpEF, suggests the utility of serum sodium to identify HFpEF patients who are at increased risk of adverse outcomes. In addition, our study also suggests that further investigations into the mechanisms of the relation of serum sodium to the natural history of HFpEF are warranted, especially whether there is a causative role for neurohormonal activation in the association between low serum sodium and adverse outcomes in HFpEF.
In our study, we demonstrated that low serum sodium is associated with worse immediate (30-day follow up) and longterm adverse outcomes in HFpEF. Similar associations were reported by previous smaller studies. 13, 15, 16 For example, Rosinaru and colleagues 15 showed that among 358 patients
with HFpEF who survived a first hospitalization for HF during 7-year follow-up, hyponatremia (defined as serum sodium <136 mEq/L) was associated with an 87% higher risk of mortality (HR, 1.87; 95% CI, 1.40-2.52) compared with serum sodium >136 mEq/L. A meta-analysis done by the MetaAnalysis Global Group in Chronic Heart Failure (MAGGIC) showed that hyponatremia (serum sodium <135 mEq/L) at baseline is associated with a 35% higher risk of mortality during 3 years of follow-up among 3737 patients with HFpEF (HR, 1.35; 95% CI, 1.06-1.72), compared with serum sodium >135 mEq/L. 16 On analyzing serum sodium as a continuous variable, the MAGGIC meta-analysis found a linear increase in the risk of all-cause mortality at 3 years at concentrations <140 mEq/L, which plateau at concentrations ≥140 mEq/ L. 16 These studies examined the end point of all-cause mortality alone and included patients with a known history of HF; hence, the relation of serum sodium to time after diagnosis of HF was variable. In our study, low serum sodium was independently associated with not only a higher risk of mortality but also a higher risk of recurrent all-cause hospitalizations and HF hospitalizations in patients without any previous history of HF before assessment of serum sodium included in the study. By excluding previous diagnosis of HF, our study enabled us to examine the association of serum sodium at the time of initial diagnosis with long-term outcomes and avoid confounding effects of previous therapy for HF on serum sodium levels. It also allows us to examine how these associations might differ in the immediate aftermath of a diagnosis as well as longer-term effects. In addition, our study incorporated a comprehensive list of clinical and laboratory variables, as well as medications, as covariates in our analyses. Another study addressed the association including only outpatients identified by ICD-9 codes. 13 Among 2704 veterans with HFpEF treated in VA ambulatory clinics, Bavishi et al 13 showed that at 2-year follow-up, hyponatremia (defined as serum sodium ≤135 mEq/L) was associated with all-cause mortality (HR, 1.40; 95% CI, 1.12-1.75) but not with all-cause hospitalization. In contrast to this, in our study, which also included subjects identified during an index admission to ensure that serum sodium was captured at baseline, low serum sodium was associated with an increased number of days of allcause hospitalizations and HF hospitalizations per year. Our study was able to capture outcomes more accurately by not only including readmissions within the VA health system but also including outcomes from Centers for Medicare and Medicaid Services in case patients were admitted to hospitals outside of the VA health system. In another study that analyzed the relation of serum sodium as a continuous variable with outcomes in 407 patients with HFpEF, Kusaka et al 14 showed that serum sodium predicted combined cardiovascular death and rehospitalization for HF. In this study, both hyponatremia (serum sodium <135 mmol/L) and low-normal serum sodium (between 135 and 140 mmol/L) were independently predictive of future combined cardiovascular death and rehospitalization for HF. This study had various limitations, including being a single-center study with a small sample size of subjects included after the initiation of medical therapy, with only one third of enrolled subjects treated with diuretics. In previous studies, the prevalence of hyponatremia (serum sodium <135 mmol/L) among patients with HFpEF ranged from 11% to 14%. 13, 16 The exact prevalence of low-normal serum sodium is unknown, but in a study conducted by Kusaka and colleagues 14 the prevalence of low-normal serum sodium between 135 and 140 mmol/L was 47%, which was associated with higher HF-related events compared with serum sodium more than 140 mmol/L. In our study, the prevalence of low-normal serum sodium (between 135 and 137.99 mmol/L) was 21% and was associated with worse 30-day and long-term outcomes in patients with HFpEF. This shows that the prevalence of low-normal serum sodium is high in patients with HFpEF and is associated with a worse prognosis. There are several potential mechanisms that could explain the observed relation between low serum sodium and adverse clinical outcomes. Hyponatremia is associated with activation of vasoactive neurohormonal systems such as the sympathetic nervous system, renin-angiotensin-aldosterone system, and arginine vasopressin. 24 Activation of the sympathetic nervous system leads to systemic vasoconstriction and an increase in heart rate and cardiac contractility, whereas activation of the renin-angiotensin-aldosterone system leads to direct systemic vasoconstriction and activation of secretion of aldosterone and arginine vasopressin. 25 Arginine vasopressin activation leads to an increase in free-water reabsorption in the renal collecting duct, thereby increasing the blood volume. 25 These defense mechanisms are important compensatory mechanisms in emergent conditions including blood loss and low cardiac output; however, sustained activation of these systems can lead to worsening HF by multiple biologic mechanisms, including adverse effects on afterload and myocardial oxygen consumption, as well as promotion of myocyte loss and fibrosis. 26, 27 In our analysis, we also found that higher serum sodium measurements are associated with a 19% increase in average number days of all-cause hospitalizations per year in patients with HFpEF. Our inability to find this for heart failure hospitalizations is likely related to a paucity of events. This is consistent with the study by Kovesdy et al 28 showing a U-shaped relationship between serum sodium level and mortality in patients with chronic kidney disease with and without HF. Hypernatremia has also been shown to be associated with increased mortality in the general population 29 and patients with HFpEF. 30 The mean age in this analysis is 70 years; elderly patients are at higher risk for developing hypernatremia because of an inability to replace water losses from physical and mental limitations to access water and decreased thirst perception. Hypernatremia can have direct adverse effects on multiple organ systems, most notably on the central nervous system. 31 Because high sodium values were significantly associated only with allcause hospitalization in our study, it is also possible that hypernatremia is merely a surrogate marker of the more severe multimorbid state.
Limitations and Strengths
There were a few limitations in this analysis of a large cohort. Care received outside of VA medical centers may not have been completely captured in this database, although the inclusion of data derived from the Centers for Medicare and Medicaid Services enabled us to capture the vast majority of events in those >65 years old. Events in veterans who were <65 years of age and ineligible for Medicaid could have been missed. There is no expectation that serum sodium would be associated with the probability of having missing events, resulting in minimal bias. In this study, we were not able to determine cause-specific mortality. The population is predominantly white males; however, because there are no sex differences reported in the association of serum sodium with mortality in HF with reduced EF, we do not consider our findings to be affected by sex. As with any observational study, residual confounding or confounding due to unmeasured factors cannot be entirely excluded.
The current study has several strengths, this being the largest cohort of HFpEF with a long period of follow-up compared with previously published studies. By limiting our cohort to incident heart failure, we were able to truly assess the influence of baseline sodium close to time of diagnosis. Finally, our algorithm, by ensuring that all recorded EFs were ≥50% at any time period in the VA system, prevented inclusion of heart failure with reduced, recovered, and intermediate EF in the cohort.
Conclusions
Our study, in a large cohort of patients with HFpEF rigorously curated from a large national database, demonstrates a J-shaped relationship between serum sodium levels and longterm clinical outcomes. Our data suggest that serum sodium could be an important clinical variable for identifying patients with HFpEF at increased risk of adverse events, healthcare utilization, and increased costs. Further investigation is needed to understand the role of neurohormonal activation in the relation between sodium levels and the natural history of HFpEF.
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